Introduction
Boreal forests cover worldwide about 36% of the total forest area (Bemmann 1995) . Apart from their cultural and economic value, they have attracted increasing scientific attention as an appropriate ecosystem to study plant responses to global warming. Temperature has turned out to determine the onset of the vegetation period (e.g. Lundmark et al. 1988 , Kellomäki and Karjalainen 1997 , Häkkinen et al. 1998 , Kirdyanov et al. 2003 , whereas the end of the vegetation period is induced by the shortening of the photoperiod (Partanen et al. 1998 ). Antonova and Stasova (1993) revealed for pine trees at the northern tree line that in addition to temperature also water availability is responsible for the cambium reactivation in spring but also for the cessation in autumn. Also Brooks et al. (1998) correlated tree-ring widths both with temperature as well as with water availability and found a species-specific response to these boreal growing conditions. According to Holtmeier (1997) , the growing season at the northern tree line is around three months long as expressed by the number of days with an average daily temperature of more than 5°C. Low temperature with snow until late spring as well as rapidly decreasing day length and early frost in autumn mark the boundaries of the vegetation period. Trees respond to these extreme environmental conditions at different morphological levels. Their annual radial growth is one of the most prominent structural features; another one is latewood density (Mielikäinen et al. 1998) . Both features largely depend on summer temperature and therefore are used to reconstruct summer temperature along the boreal forest border around the globe for several centuries back in time (e.g. Briffa et al. 1990 , D'Arrigo and Jacoby 1993 .
Boreal forests represent a highly sensitive and possibly vulnerable ecosystem. Therefore, various joint efforts are undertaken to predict the effects of an anticipated near-future global warming on trees growing at or near tree-line situations (Hicks et al. 2000 , McCarroll et al. 2003 . The aim of our study in this context was to unravel the wood formation dynamics of pine and birch with a high time resolution within one vegetation period in the north of Finland in order to get a base line for further studies, such as dendroclimatology (e.g. Lindholm et al. 2000 , Helama et al. 2002 , boreal forest silviculture (e.g. Mäkitalo 1999 ) and forest dynamics research (e.g. Jalkanen and Tuovinen 2001) both for the present as well as for future climatic situations.
Material and Methods

Sites
A 400 km long transect from the Arctic Circle (Rovaniemi, site 1) up to the northern tree line (Kevo, site 5) was established in May 1996 (Fig. 1) ; all sites were dry or dryish and site 2 (Sodankylä) was extremely over-grazed by reindeer (Fig. 2) . The sites and the study trees are characterised in Table 1 . In each of the plots, three Scots pines (Pinus sylvestris L.) and three birches (Betula pendula Roth and B. pubescens Ehrh.) were selected. Their age and height varied from 45 to 65 years and from 7.5 to 9.4 m, respectively; the diameter at breast height was for all trees around 10 cm. Phenological events such as bud break, shoot flush, foliage expansion, shoot growth and bud set were monitored in regular intervals.
Pinning Technique
For the determination of the cambium dynamics, the so-called pinning-technique was used, which was introduced as early as in 1968 by Wolter and variously applied thereafter (e.g. Yoshimura et al. 1981 , Kuroda 1986 , Nobuchi et al. 1995 , Dünisch et al. 1999 . In principle, a pin is inserted through the bark into the outer xylem in order to wound the cambium (Fig. 3) . As a consequence, wood formation immediately stops within a narrow zone around the pinning canal. Further apart, the cambium remains alive but develops modified xylem that can be microscopically differentiated from the xylem laid down prior to the pinning. The distance between this point and the tree-ring border of the previous year can be taken as a measure of the cambium activity in a given time. Repeated pinning throughout the vegetation period provides a series of data with a high time resolution. In the present study, throughout the growing season of 1996 altogether thirty sample trees (three pines and three birches per site) were pinned weekly or fortnightly with a pin of 1.2 mm in diameter, beginning on June 3 and ending on September 3, resulting in a maximum of fourteen pinning dates per tree. Three pinning holes at one time were set at breast height of the stems. The horizontal and vertical distance between adjacent pinning holes was 2.5 cm. In the 2nd week of September 1996, the experimental trees were felled and breast-height discs containing the pinnings were cut off and deep-frozen.
Microscopy
Small cubes of 1 × 1 × 1 cm 3 around the pinning canals as well as from unaffected xylem tissue close to the pinnings were removed with a chisel from the frozen discs and reduced with a razor blade to a final size of about 5 × 5 × 5 mm 3 . Unaffected xylem was additionally used for total ring-width measurements. The specimens became immersed for fixation in a citrate buffered formaldehyde solution for two to four days. After dehydration in a graded series of propanol, samples were infiltrated with glycolmethacrylate (Technovit 7100) for two months and polymerized after adding an accelerator. With a rotary microtome 8 µm thick sections were prepared for light microscopy and stained for two hours with a standard Giemsa solution (see also Schmitt et al. 2000) . The weekly or bi-weekly increment was given in percent of the total tree-ring width at the same spot. Hereby, the circumferential variability of growth was accounted for. 
Results
Pinning Reactions
In all samples, the pinning caused distinct wound reactions in a very narrow portion around the canal of pin insertion. Disturbances from adjacent pinnings were not observed. The cambium around the canal died immediately and further xylem formation was stopped. This histological feature was clearly visible in most of the samples. In few samples, however, the differentiating xylem collapsed along the pinning canal, which made the microscopic evaluation in this area impossible. Then, alternatively the parenchymatic tissue formed instead of regular xylem was used as reference line for determining the amount of the increment formed prior to the pinning. The observations and measurements gave detailed results on the onset, intensity and end of wood formation within the growing season 1996. Some uncertainty of a few days still remained as to the exact day of the beginning and end because of the weekly or fortnightly pinning intervals. The beginning of wood formation was derived as that pinning date when earlywood cells of the new tree ring were distinctly visible. This means that wood formation started within the week prior to this pinning date. The end of wood formation was determined when no further cells were laid down, again within one week prior to the pinning date.
Wood Formation Dynamics
Pinus sylvestris
In the growing season 1996 the tree-ring widths of the pine trees varied between around 0.5 and 1.6 mm with a high within-site variation; it was on average narrowest at sites 2 and 5 (Fig. 4) . At all sites the trees revealed a more or less sigmoid shape in their wood formation dynamics with a slow beginning, followed by a fast growth in the middle of the vegetation period and a decreasing wood formation activity towards the end of the period (Fig. 5) . The trees at the southernmost site l, for example, started to grow uniformly around June 10. On June 17 several layers of earlywood cells had been laid down (Fig. 6a ). This amount represents about 10% of the total tree-ring width. On June 24 the amount of xylem formed was around 20 to 30% of the entire increment (Fig. 6b ), on July 15 it was about two third (Fig. 6c) . Wood formation intensity was highest between the fourthweek of June and the second week of July. On August 5 cell deposition had already been completed (Fig.  6d) . Altogether, at the southernmost site wood formation lasted for seven weeks. The thickening of the secondary walls in the latest-formed xylem cells as well as their subsequent lignification proceeded for another two to three weeks until the end of August.
The trees at sites 2 to 5 from south to north showed a slight tendency for an increasingly later initiation of wood formation with a maximum of nearly two weeks at the northernmost site as compared with site 1 (Fig. 5) . At all sites first cells were laid down when temperature sum had reached 85 to 90 d.d. (degree days, i.e., sum of degrees by which the daily average temperature exceeds the threshold value of +5°C). At site 5 30-60 % of the tree ring were formed until July 10 (Fig. 6e) , 80-90 % until July 24 (Fig. 6f) , and xylem formation was completed between August 7 and August 19 (Fig. 6g) . At all sites, wood formation was finished within the first half of August.
The pine buds started to swell about one week before wood formation at all sites except at the northernmost site, where this gap was two to three weeks (Fig. 5) . At sites 1-3, the cur- ������� rent-year shoots were 2-4 cm long when wood formation began. However, at site 4 shoot growth reached 2-4 cm two weeks after wood began to form. For the trees at sites 1-3, the interval between bud break and distinct shoot elongation was one week, but three weeks at the two northernmost sites. The transition from earlywood to latewood formation could also be determined for all the pine trees along the south-north transect for the period of one week around middle of July (Fig.  6c ). There were no distinct differences between the five sites.
Betula spp.
In 1996, the birch trees showed a large withinsite variation of their ring widths which varied between about 1.3 mm at the southernmost site 1 up to less than 0.1 mm at the northernmost site 5; the average ring width at site 4 with a value of about 0.7 mm was higher than at sites 2, 3 and 5 (Fig. 7) .
The onset and end of wood formation was determined for sites 1 to 4 only; at site 5 it was impossible to measure the wood formation because two of the three study trees did not show a distinct tree ring. It can only be suggested from the unusual large number of latewood-like cell rows that at least some of them may have been formed in 1996. Therefore, both the beginning and the end of wood formation has not been determined for these two trees. The third tree revealed a clearly visible but narrow tree ring with two to three rows of earlywood fibres and a few small diameter vessels followed by a latewood portion of several cell rows (Fig. 8a) . At sites 1 to 4, wood formation followed a more or less pronounced sigmoid pattern in all trees (Fig. 9) . Wood formation at the southernmost site 1 started in two trees in the week before June 24, in one tree in the week after June 24. It ended a few days before July 28 in one tree and a few days before August 5 in the other two trees Fig. 7 . Birch, total tree-ring widths in the vegetation period 1996, based on measurements at altogether n places within three trees per site. (Fig. 9) . Altogether, the tree rings were formed within a period of six weeks. On July 1, about one week after the beginning of wood formation, a distinct portion of earlywood was laid down (Fig. 8b) . About half of the increment was formed until the middle of July (Fig. 8c) , except one tree, which had already formed about 80% of its tree ring. Wood formation was completed on July 29 (Fig. 8d ) or in the following week. At site 2, in two trees wood formation already ended in the week before July 24, in the other tree within the week before August 7. Sites 3 and 4 were characterised by a duration of wood formation of three to four weeks (Fig. 9) . Figure  8e shows a sample from site 4 with the pinning date July 17; wood formation began two to three weeks earlier and had achieved about one third of the final tree-ring width. Birch laid down its first cells when 110 to 120 d.d. of the temperature sum had been reached.
The interval between bud break and distinct wood formation was two to three weeks. Leaf development took about two weeks at the three southern sites and was completed about one week before or at the time when wood formation started. At the northern sites 4 and 5 leaf development took three weeks and ended about one week after the beginning of wood formation (Fig. 9) . A comparison between the southern sites 1 and 2 and the northern sites 3 and 4 revealed that buds broke two weeks later and leaves were completely developed two to three weeks later in the north. Also the duration of leaf development extended from two to three weeks from sites 1 to 5.
Because of the gradual transition from early-to latewood there were no distinct within-tree-ring characteristics in birch for additional structure/ time relationships. Close to the border of the next tree ring there were always one to three rows of thick-walled fibres laid down, which were produced at the very end of the wood formation period of each individual tree. Fig. 9 . Birch, cambium dynamics and phenological events of three study trees per site during the vegetation period 1996 along a south-north transect. All trees show a more or less sigmoid course of wood formation intensity; A = bud break/first leaves just visible; B = first leaves fully developed.
Discussion and Conclusion
The northern tree lines are extremely sensitive boundaries, which vary over time depending on anthropogenic and climatic factors. From our observations it can be concluded that a pine population cannot survive in the long run, if the average prevailing temperature does not enable the cambium of pines to be active over about six weeks. For birch, whose area of natural distribution extends beyond the tree line of pine, this period of cambium activity necessary to survive is about only three weeks. However, it has to be taken into account that June and July 1996 were abnormally cool and moist, whereas only August was more or less normal. It was striking that pines ended their growth at all five sites in northern Finland in the first half of August, whereas the birches ended their cambium activity somewhat earlier around the beginning of August.
Our observations regarding the onset and end of cambium activity are in good agreement with earlier results obtained for pine. For example, Zumer (1969 a, b) determined both the beginning and end as well as the weekly amount of wood formation for several tree species along an altitudinal transect in the south-east of Norway. It was shown that wood formation in pine began with a slight delay with increasing altitude, whereas it stopped simultaneously at the end of the vegetation period independent of altitude. Close to our northernmost site, Hustich (1956) revealed for pine trees that wood formation started around middle of June. Recently, Mielikäinen et al. (1998) determined for pine trees between 1993 and 1996 that the amount of warmth necessary for the onset of wood formation, measured in degree days, is achieved at around end of May/ beginning of June at a site 100 km south to the southernmost site of the present study. For spruce in southern Finland, Mäkinen et al. (2003) found that tracheid production started in June and ceased in August. For birch no such detailed studies at tree-line situations have hitherto been made, although there are few dendroclimatological studies (for further references see Eckstein et al. 1991) . Based on our present results, the temperature-sum threshold for pine and birch is 85 to 90 d.d. and 110 to 120 d.d., respectively.
Our observations are particularly meaningful for dendroclimatology. They confirm that the window for the climatic signal to directly enter the trees at the northern forest border is only open for a short time of a few weeks.
It was revealed that bud burst in pine occurred one to two weeks and in birch two to three weeks before the onset of wood formation. There was only a slight tendency for an increase of this interval along the south-north transect. At the two northern sites, the shoots of pine obviously elongate more slowly and leaf development in birch is delayed. This indicates a reduced cell division rate as well as a prolonged time for cell differentiation. Wood formation in pine, however, did not show a distinct relationship between the length of the vegetation period and tree-ring width. Obviously, the cambial activity during earlywood formation, once initiated in pine by the prevailing temperature conditions, to a large extent follows a pattern independent of the current-year temperature. Tuovinen et al. (2000) found a correlation between late summer temperature of the previous year and current year earlywood width. Consequently, reserves deposited in the previous year are believed to be responsible for the amount of earlywood. In contrast, latewood width appears to depend on mid to late summer temperatures of the current season, mainly July temperature. Antonova and Stasova (1993) investigated the effects of environmental factors on wood formation of pine in central Siberia and, in contrast, found that throughout the season current-year temperature and precipitation are positively correlated with the rate of cambial divisions and with the radial diameter of the tracheids. Additionally, they found that in May and June the influence of temperature dominates in wood formation, the influence of precipitation increases in July and August.
Regarding the involvement of plant hormones in the context of wood formation, Sundberg et al. (2000) modified the hitherto accepted concept for the role of auxins. They found that auxin transport from the activated buds is not necessarily a prerequisite for cambium reactivation in spring. Their assumption is based on observations on slow growing Scots pine, where the auxin concentration in the cambial tissue is at the same level during dormancy as during active growth. In these cases, photoperiodic or temperature-dependent reasons appear responsible for the cambium reactivation. Both parameters are well known for the timing of bud burst in spring. Häkkinen et al. (1998) for birch and Partanen et al. (1998) for Norway spruce revealed that bud burst in the boreal zone depends to a large extent on the length of the photoperiod rather than on temperature which plays only a subordinate role. In contrast to the cessation of cambium activity, the transition to dormancy of the buds seems to be related to both day length and temperature.
In conclusion, wood formation in pine and birch at the tree line in the north of Finland is largely initiated by temperature. The duration of the vegetation period, as already shown and expected to be distinctly prolonged by the anticipated global warming (Menzel and Fabian 1999, Kellomäki and Karjalainen 1997) , not necessarily results in wider tree rings. Future investigations on the cellular level should focus on climate effects on the radial cell expansion, cell wall thickening, and lignification. All these parameters may provide additional information about the relationship between climate and wood formation as variously laid down (e.g. Antonova and Stasova 1993 , Mielikäinen et al. 1998 , Gindl et al. 2000 , Deslauriers et al. 2003 , Schmitt et al. 2003 .
